The second messenger cAMP inhibits the proliferation of most cell types. The nuclear response of cAMP is mediated by transcription factors like the cAMPResponsive Element Modulator (CREM) gene. One of the products of the CREM gene, the transcriptional repressor Inducible cAMP Early Repressor-IIg (ICERIIg), is induced by cAMP. ICER-IIg blocks cells at the G2/M boundary of the cell cycle. Here we show that ICER-IIg dramatically inhibits the growth and DNA synthesis of mouse pituitary tumor cells and human choriocarcinoma cells. This alteration in cell growth is coupled with reduced ability of these cells to grow in an anchorage-independent manner and to form tumors in mice. These data demonstrate that ICER-IIg is a tumor suppressor gene product mediating the antiproliferative activity of cAMP.
Introduction cAMP inhibits cellular proliferation by interfering with the mitogen-activated protein (MAP) kinase pathway at the cytosol (Wu et al., 1993; Cook and McCormick, 1993; Burgering et al., 1993; Chen and Iyengar, 1994; Hordijk et al., 1994; York et al., 1998) . The nuclear events by which cAMP exerts such growth-inhibitory eect remain largely undetermined (Xing et al., 1996; Nakajima et al., 1996) . In the nucleus the cAMP pathway uses cAMP-responsive element binding proteins to mediate gene expression (reviewed by Habener, 1990; Vallejo, 1994; Molina, 1997) . The CREM gene is of special interest since its expression is strongly induced by cAMP Stehle et al., 1993) . The induced isoform, termed ICER is a powerful repressor of the cAMP-mediated gene expression. ICER consists of a family of four isoforms named ICER-I, ICER-Ig ICER-II and ICER-IIg for convenience we refer to them collectively as ICER.
Our laboratory studies the role played by ICER in cell growth. We have recently shown that chronic exposure of transformed pituitary corticotroph AtT20 cells to high levels of cAMP causes arrest at the G2/M boundary of the cell cycle (Lamas et al., 1997) . This arrest is exacerbated by ectopic expression of ICERIIg. We hypothesized that the antiproliferative activity of cAMP was mediated by ICER. Here we show that ICER-IIg dramatically inhibits the growth and DNA synthesis of mouse pituitary tumor cells and human choriocarcinoma cells. This alteration in cell growth is coupled with reduced ability of these cells to grow in an anchorage-independent manner and to form tumors in mice. These data demonstrate that ICER-IIg is a tumor suppressor gene product mediating the antiproliferative activity of cAMP.
Results

ICER-IIg expression retards cell growth inhibiting DNA synthesis
The growth of several cell line clones expressing sense and antisense ICER-IIg cDNA was studied for 5 days. These ICER-IIg constructs were under the control of the mouse MT-1 metallothionein promoter (Clegg et al., 1987) . We observed (Figure 1b ) that the cell line expressing ICER-IIg (AtICER-IIgS) grew slower than the Neomycin-resistant control cell line (AtNeo). The cell line that expressed an antisense ICER-IIg cDNA construct (AtICER-IIgAS), shown here ( Figure 1a ) and before (Lamas et al., 1997) to block endogenous ICERIIg expression, grew faster than the AtNeo cells and almost twice as fast than the overexpressers, AtICERIIgS cells. To determine if the observed growth repression was due to ICER-IIg expression; the three dierent clones were treated with CdCl 2 to induce expression of the metallothionein promoter-controlled ICER-IIg cDNA constructs. This induction of ectopic ICER-IIg by CdCl 2 is comparable to the cAMPdirected induction of the endogenous gene ( Figure  1a ). ICER-IIg over-expression completely blocked cell growth, whereas both AtNeo and AtICER-IIgAS (antisense-transfectants) cells continued growing (Figure 1c) . ICER-IIg growth-inhibitory eect is not speci®c to the mouse AtT20 cells since ICER-IIg ectopic expression in human choriocarcinoma JEG-3 cells also impeded their growth (Figure 1d and e).
To further characterize the previous observation, the rate of DNA synthesis was determined in the AtT20 clones. [ 
ICER-IIg halts the expression of c-fos proto-oncogene
The expressions of genes that control cell growth are prime candidates for ICER-IIg regulation. One such gene is the c-fos proto-oncogene. We have previously shown that ICER repressed the CRE in c-fos promoter Stehle et al., 1993) . This datum suggested to us that ICER modulated c-fos gene expression in the AtT20 cell lines. Indeed, cAMPinduced expression of c-fos was considerably reduced in the cell line over-expressing ICER-IIg (Figure 2a) . Conversely, c-fos mRNA was super-induced in cells over-expressing the antisense ICER-IIg cDNA. Previous data (Stehle et al., 1993) strongly suggest that this inhibition is achieved by direct binding of ICERIIg to the CRE in the c-fos promoter. Moreover we have recently reported that the expression of cyclin A was also regulated by ICER-IIg (Lamas et al., 1997) and cAMP levels (Desdouets et al., 1995) . ICER-IIg down-regulated cyclin A RNA expression by binding to the CRE in cyclin A promoter. These data demonstrate that ICER-IIg acts as an anti-oncogene inhibiting the expression of growth-related genes.
ICER-IIg represses colony formation in soft agar
The ability of cells to grow on soft agar is a hallmark of cellular transformation. Cells that grow in an anchorage-independent manner are considered to have the potential to generate tumors. Since ICER has been shown to mediate cAMP-induced cell growth arrest, we sought to determine the eect of ICER-IIg expression on AtT20 cells soft-agar-colony formation (Land et al., 1983) . To this end, the ability of AtT20 clones to grow in an anchorage-independent manner was assessed (Figure 3a) . We found that the overexpressers, AtICER-IIgS cells formed 80 ± 90% fewer colonies than both the AtNeo and the antisense-transfectants, AtICER-IIgAS cells. Interestingly, the antisense-transfectants, AtICER-IIgAS cells formed considerably larger colonies than the control cells as determined via microscopic evaluation (Figure 3b) . These results unequivocally demonstrate that ICER-IIg inhibits the ability of transformed cells to grow in an anchorageindependent manner. We then hypothesized that ICER-IIg could be acting as a tumor suppressor gene product.
ICER-IIg inhibits tumor formation
The formation of tumors in athymic nude mice is the de®nitive assay to determine tumorigenesity of a given cell line (Land et al., 1983) . Nude mice were injected with AtNeo, At-ICER-IIgS or At-ICER-IIgAS cell lines and tumor formation were assessed after 3 weeks (Figure 4 ). We observed no tumor formation in all the overexpressers, AtICER-IIgS cell lines tested. Conversely, abrogation of ICER-IIg induced the formation of large tumors. Animals bearing the antisense-transfectants, AtICER-IIgAS cells formed tumors that were bigger than the control AtNeo cells. These data demonstrate that lack of ICER-IIg expression causes tumor formation according to our hypothesis that ICER-IIg is a tumor suppressor gene product.
Discussion
Our results have unveiled a previously unknown mechanism by which the transcriptional repressor ICER-IIg, responsible for the repression of cAMPinduced gene expression, is also a mediator of cAMP's antiproliferative activity. These results may represent an alternative route for the cAMP regulation of cell growth, independent of deactivation of the mitogen-activated protein kinase pathway. We have shown that ICER-IIg possesses the characteristics of an anti-oncogene reverting the transformed phenotype of tumor cells. In the future it will be valuable to determine in which human tumors ICER is deregulated and if other isoforms of ICER also have tumor suppressor activity.
Material and methods
Cell culture, generation of cell clones and Western blot
Several cell clones were generated from two established cell lines; mouse pituitary corticotrophs AtT20 and human choriocarcinoma JEG-3 cell. Both AtT20 and JEG-3 cell lines were obtained from the American Type Culture Collection (Rockville, MD) and cultured as recommended. These cell clones were established as described (Lamas et al., 1997) . Cells were transfected by the calcium phosphate co-precipitation technique and were plated at a density of 10 6 cells/10 cm plate. Cells were transfected the following day with 10 mg of total DNA. Plates were treated with 500 mg/ml G418 (Gibco) for 14 ± 17 days. Colonies were selected by their resistance to the antibiotic G418. Several colonies with similar morphology were cloned. The AtNeo cells were identical to the parental AtT20 cells but expressed a neomycin-resistant marker. The AtICER-IIgS cells had higher levels of ICER-IIg than AtNeo cells and (7) for 4 h with 0.5 mM 8-Br-cAMP to induce the endogenous ICER protein expression (3,4). AtICER-IIgS and JICER-IIgS cells were treated (+) or not (7) for 6 h with 5 mM CdCl 2 to induce the expression of the ectopic ICER-IIg sense cDNA (Clegg et al., 1987) . AtICER-IIgAS and JICER-IIgAS cells were treated (+) or not (7) for 6 h with 5 mM CdCl 2 to induce the expression of the ectopic ICER-IIg antisense cDNA (Lamas et al., 1997) . This antisense blocked the induction of the endogenous ICER protein caused by treatment with 8-Br-cAMP (+) as shown before (Clegg et al., 1987) . The bands represent only ICER isoforms which co-migrate at about 18 kD. The other CREM gene products are normally bigger than 30 kD and were cut out for the sake of space. The expression of the other CREM isoforms was not aected by 8-Br-cAMP or CdCl 2 treatment as previously shown Lamas et al., 1997) . H]TdR incorporation into DNA after 24 h of incubation with (g) or without (f) 5 mM CdCl 2 . Cells were ®xed with trichloroacetic acid (TCA) and TCAinsoluble radioactivity was isolated and determined by scintillation counting (Land et al., 1983) . This experiment was performed several times in triplicate with similar results (see error bars) over-expressed ICER-IIg upon treatment with CdCl 2 (Cd). The AtICER-IIgAS cells expressed an antisense ICER-IIg cDNA thereby inhibiting the expression of the endogenous cAMP-induced ICER-IIg protein. Similar stable cell lines were generated using JEG-3 cells as parental cells. They were named JNeo, JICER-IIgS and JICER-IIgAS. Protein extraction and Western blots were performed as described before Stehle et al., 1993) . The anti-CREM polyclonal antibody recognizes all CREM gene products including ICER Lamas et al., 1997) .
DNA [ 3 H]thymidine incorporation
The rate of DNA synthesis was assessed by incorporation of [ 3 H]thymidine (1 mCi/ml) into DNA after 24 h of incubation with or without 50 mM CdCl 2 . Cells were ®xed with 5% trichloroacetic acid (TCA) and TCA-insoluble radioactivity was isolated and determined by scintillation counting as previously determined (Land et al., 1983) .
RNAse protection assay
RNAse protections were performed as described Stehle et al., 1993; Lamas et al., 1997) . To score for c-fos, a 1000 bp human c-fos cDNA fragment was subcloned into pBluescript SK 7 and the resulting plasmid linearized with unique NcoI site within the coding sequence. Antisense probes were generated using the T3 RNA polymerase promoter. The generated riboprobe has a size of 226 nt and protects a 196 nt fragment.
Anchorage-independent cell growth and tumorigenicity studies Twenty thousand cells of each indicated AtT20 cell line clone were seeded on soft agar and colony formation was assessed after 14 days as described elsewhere (Land et al., (Land et al., 1983) . The colonies were counted and the numbers plotted. Each point represents the average of nine independent counts. (b) Photomicrographs of the characteristic colonies formed by the dierent AtT20 cells clones. ICER-IIg expression inhibits anchorageindependent growth of tumor cells 1983). Nude mice were injected subcutaneously with 30610 6 AtNeo, AtICER-IIgS (overexpressers), or AtI-CER-IIgAS (antisense-transfectants) cells. The animals were studied for 3 ± 5 weeks and scored for tumor formation as described elsewhere (Land et al., 1983) .
